Nanometer-sized precipitated carbides in a low carbon Ti-V-Mo bearing steel were obtained through hot rolling and air cooling and were investigated by transmission electron microscopy (TEM). The nanometer-sized interphase-precipitated carbides have been found to exhibit an average diameter of~6.1 ± 2.7 nm, with an average spacing of~24-34 nm. Yield strength of 578 ± 20 MPa and tensile strength of 813 ± 25 MPa were achieved with high elongation of 25.0 ± 0.5% at room temperature. The nanometer-sized precipitation exhibited high stability after annealing at high temperatures of 600 • C and 650 • C for 3 h. Average diameters of carbides were statistically measured to be~6.9 ± 2.3 nm and 8.4 ± 2.6 nm after tempering at high temperatures of 600 • C and 650 • C, respectively. The micro-hardness was~263-268 HV0.1 after high temperature tempering, which was similar to the hot-rolled sample (273 HV0.1), and yield strength of 325 ± 13 MPa and 278 ± 4 MPa was achieved at elevated temperatures of 600 • C and 650 • C, respectively. The significant decrease of yield strength at 650 • C was attributed to the large decrease in shear modulus.
Introduction
As reference a material, high-strength low-alloy (HSLA) steel is of great importance for construction materials. With buildings tending to be high-rise and large-scale, there is an increased demand in higher strength steel for consideration of self-weight reduction, green, and safety [1] . Moreover, fire-resistant performance of structural steel has gained more attention since the sudden collapse of the Word Trade Center towers due to the 9/11 terrorist attack in 2001. Therefore, for the fire-resistant HSLA steel, the strictest requirement is that the yield strength at 600 • C should be guaranteed to be higher than two-thirds of the yield-strength value specified at room temperature [2] . However, strength of steel inevitably decreases at high temperature in fire. The rapid decrease in strength has been suggested to be attributed to thermal activation processes, including atomic diffusion, coarsening of precipitates, and dislocation recovery and annihilation [3] .
In order to develop fire-resistant steel, plenty of studies have been carried out by researchers. Studies [4, 5] suggested that Mo addition was an effective approach for achieving high strength at high temperature for low alloy steels. It was suggested that there was a strength increment of 13.7 MPa per 0.1% Mo addition at 600 • C when the total Mo content was lower than 0.5% by solid-solution strengthening and bainite strengthening [6] [7] [8] . However, as an expensive alloying element, high-addition of Mo will greatly increase the cost. Therefore, an alternative method by microalloying of Nb, V, and Ti and controlled accelerated cooling was introduced to low carbon low Mo steels for fire-resistant applications [1, 9, 10] . In this method, bainite strengthening was obtained by controlled accelerated cooling, and remained microalloying elements of Nb, V, and Ti in solid-solution precipitates as nanometer-sized MC-type carbides at elevated temperature in fire to provide high temperature strength. However, accelerated cooling process generates higher energy-consumption and water-pollution in comparison with a hot rolling process. In addition, the remaining microalloying elements in solid-solution waste resources.
Interphase precipitation strengthening is generally recognized as an effect and economic approach in developing high-strength low-alloy hot-rolled steels [11] [12] [13] [14] . Previous published works have shown that the nanometer-sized interphase precipitated carbides could contribute 300-400 MPa to yield strength of hot-rolled steels [15, 16] . The objective of the present work is to develop a high-strength low-alloy fire-resistant steel by introducing nanometer-sized interphase precipitation of microalloying element carbides. Transmission electron microscopy (TEM) characterization investigated the stability of interphase precipitated carbides including size, morphology, and distribution. Moreover, the effect of nanometer-sized interphase precipitated carbides on strength at elevated temperatures was discussed. The findings from the present study may provide an alternative approach for developing high-strength fire-resistant hot-rolled steels.
Experimental Material and Procedure
The chemical composition of the experimental steel based on low carbon, high titanium, and vanadium micro-alloying design is in weight percent (wt.%): 0.08C, 1.43Mn, 0.21Si, <1.0(Ni+Cr+Cu), 0.27Mo, <0.25(Nb+Ti+V). Low carbon and low manganese alloy design was good for weldability [17] . The combined addition of Ni, Cr, and Cu aimed to obtain good weather-resistant performance [18] . The steel was melted in a high frequency induction vacuum furnace (ZGIL0.1-200-2.5, Jinzhou, China) and cast into 25 kg ingot in a cylindrical shape with a diameter of~120 mm. The ingot was re-heated to 1200 • C for homogenization, then hot rolled to a 20-mm thick plate through seven passes. The starting temperature of hot rolling was~1020 • C and the finishing temperature was~860 • C. During the entire hot rolling, a minimum reduction rate of 20% per pass was given. Lastly, the plate with a thickness of 20 mm was air cooled to an ambient temperature.
Tensile specimens in a dog-bone-shape with a gauge length of 50 mm and a diameter of 10 mm were prepared from the hot-rolled plate along the longitudinal direction. The tensile tests were conducted at room temperature and at elevated temperatures (600 • C and 650 • C), according to the Chinese standards GB/T228-2002 and GB/T4338-2015, respectively. Before high temperature tensile tests, tensile specimens were held at elevated temperatures for 3 h. Two samples were tested for each testing temperature and the average values were taken for the results of tensile tests. Specimens for microstructure examinations were cut from the edge of the tensile tested samples. The specimens for scanning electron microscopy (SEM) and microhardness tests were etched in 3% nital after mechanical grounding and polishing. SEM was performed using the TESCAN MIRA 3 LMH (Brno, Czech Republic) field-emission scanning electron microscope (FE-SEM). Vickers microhardness was measured at a load of 100 g. More than 30 measurements in ferrite were conducted for each sample. Samples obtained after annealing at 600 • C for 3 h and a uniform deformed section at 600 • C, respectively, were prepared for electron backscatter diffraction (EBSD) by metallographic mechanical polishing and electrolytic polishing. EBSD analysis was conducted using TESCAN MIRA 3 LMH FE-SEM equipped with an Oxford Symmetry EBSD detector at an acceleration voltage of 20 kV and a step size of 0.2 µm. EBSD data was post-processed by HKL CHANNEL 5 (Oxford, UK) flamenco software to acquire the necessary information. Thin foils with~400 µm thickness were cut from the edge of samples after tensile tests at room temperature and elevated temperatures. Then, the thin foils were mechanically ground to~60 µm thickness. Next, TEM disks (3 mm in diameter) in diameter were punched from the foils and twin-jet polished using an electrolyte consisting of 5% perchloric acid and 95% methanol at −20 • C. TEM observations were performed using FEI Tecnai F20 (Hillsboro, OR, USA) field-emission transmission electron microscope (FE-TEM) and FEI Tecnai G20 (Hillsboro, OR, USA) transmission electron microscope both combined with an energy dispersive X-ray spectrometer (EDS) detector at 200 kV.
Results and Discussion

Tensile Properties
Tensile properties of the hot-rolled steel were measured at room temperature and elevated temperatures. The obtained results are summarized in Table 1 . After hot-rolling, the experimental steel exhibited high yield strength of 578 ± 20 MPa, high tensile strength of 812 ± 25 MPa, and high elongation of 25.0 ± 0.5% at room temperature. After holding at 600 • C for 3 h, the yield strength and tensile strength of the studied steel were 325 ± 13 MPa. It was found that the studied hot-rolled steel met two-thirds of 460 MPa grade yield strength for fire-resistant structural application. When further elevating the test temperature to 650 • C, the yield strength and tensile strength were further decreased to 278 ± 4 MPa. Table 1 . Tensile properties of the hot rolled steel at room temperature and elevated temperatures.
Testing Temperature Yield Strength, MPa Tensile Strength, MPa Elongation, %
Room temperature 578 ± 20 812 ± 25 Figure 1 presents the optical microstructure of the hot-rolled steel. It can be seen that multi-phase microstructure consisting of polygonal ferrite and bainite was obtained in the hot-rolled steel. By statistical analysis of more than 10 optical images, the volume fraction of ferrite and bainite was determined to be~84% and~16%, respectively. The grain size of ferrite was not uniform and has been found to range from~2 to~30 µm. To study the grain size of ferrite, EBSD analysis was performed, and the obtained band contrast (BC) image is given in Figure 2a . In Figure 2a , grain boundaries with misorientation higher than 5 • were highlighted by black lines. It was easy to find out polygonal ferrite and bainite due to their different morphologies. After getting rid of bainite manually, the ferrite grain size was determined using HKL CHANNEL 5 flamenco software. The obtained results are plotted in Figure 2b . It can be seen that wide range distribution of grain size was obtained. The majority of ferrite grains ranged from 2-10 µm with the peak at~4 µm. A few ferrite grains had a size of~10-30 µm with a small peak at~13 µm. During continuous air cooling, ferrite transformation took place continuously at different temperatures. The grain size of ferrite is related to the transformation temperature, which determines the carbon atom diffusivity and the austenite/ferrite grain boundary migration rate [19] . Based on this, the grain size of ferrite formed at high temperature should be larger than that formed at a low temperature [20] . However, ferrite grain size also depends on the density of nucleation sides. In this work, austenite grains were flattened after final rolling at 860 • C. During subsequent air cooling, high dense ferrite grains nucleated at austenite grain boundaries, grain corners, and deformation bands. These tiny ferrite grains were not coalesced during the following cooling, as reported in literature [21] . In the late period of air cooling, a few ferrite grains nucleated surrounding the tiny ferrite grains and grew into residual austenite, and the large size of ferrite grains was obtained. From the EBSD image in Figure 2a , it can be seen that large ferrite grains were mainly adjacent to bainite, which transformed from carbon-enriched residual austenite in the final stage of air cooling. This observation gives evidence to support that the later mechanism was the reason for the wide range distribution of grain sizes observed in the present work. Moreover, the hot deformation was helpful for refining ferrite grains by promoting the nucleation of ferrite by introducing crystal defects within parent grains [20] , which resulted in a fine average grain size of~5.06 ± 3.93 µm for ferrite.
Microstructure and Microhardness
Microstructure and microhardness for the studied steel after hot rolling and high temperature holding were investigated. The obtained results are presented in Figure 3 . From Figure 3a -c, it can be seen that both SEM microstructure and microhardness were not changed clearly for the hot-rolled steel before and after holding at 600 • C and 650 • C for 3 h. The average Vickers microhardness of the hot-rolled steel was HV0.1 276 ± 10. After holding at 600 • C and 650 • C for 3 h, the average Vickers microhardness of the studied steel decreased slightly to HV0.1 268 ± 12 and HV0.1 263 ± 9, respectively. It can be found that the ferrite obtained through hot-rolling presented high resistance to soften after high temperature holding. Microstructure and microhardness for the studied steel after hot rolling and high temperature holding were investigated. The obtained results are presented in Figure 3 . From Figures 3a-3c, it can be seen that both SEM microstructure and microhardness were not changed clearly for the hot-rolled steel before and after holding at 600 °C and 650 °C for 3 h. The average Vickers microhardness of the hot-rolled steel was HV0.1 276 ± 10. After holding at 600 °C and 650 °C for 3 h, the average Vickers microhardness of the studied steel decreased slightly to HV0.1 268 ± 12 and HV0.1 263 ± 9, respectively. It can be found that the ferrite obtained through hot-rolling presented high resistance to soften after high temperature holding. 
Nanometer-Sized Precipitation
TEM was employed to study the nanometer-sized precipitation in ferrite before and after holding at high temperatures of 600 °C and 650 °C. The observed results for the hot-rolled sample are presented in Figure 4 . Both random precipitates and interphase precipitates were obtained in ferrite after hot rolling and air cooling. It can be found that the row space of interphase precipitates was not uniform within the observed ferrite grain. As pointed out in Figure 4 , the row spacing increased from ~24 nm to ~34 nm along the white dash arrow direction. Then, the precipitates existed in random distribution. EDS analysis indicated that these precipitates were (Ti, V)C complex carbides. A ledge mechanism proposed by Honeycombe and Mehl [22] is well accepted for interphase precipitation. During transformation from austenite (γ) to ferrite (α), a terrace γ/α plane with relatively low energy and a step γ/α plane with relatively high energy co-exist. The high-energy step γ/α plane moves too quickly to precipitate carbides during transformation. Yet, the low-energy terrace γ/α plane is immovable, such that carbides precipitate in the plane. When the electron beam is parallel to the precipitated terrace plane, row-arranged interphase precipitates are observed. The row spacing is related to the height of the step. Bhadeshia [23] suggested that the step height was proportional to the interface energy of the terrace plane and was inversely proportional to the driving force for ferrite transformation. This means reducing the driving force will increase the step height. In this study, carbon was enriched in austenite during ferrite growth. Liu et al. [24] revealed that carbon enrichment in austenite decreased the transformation temperature due to the reduction of driving force for ferrite transformation. This may be the reason for the increase in row spacing in the present work. Moreover, Chen et al. [25] suggested that γ→α transformation becomes sluggish in the late ferrite transformation, the growth of carbides nucleated in the step plane was compatible with the movement of the transformation front. Therefore, randomly dispersed carbide precipitation can be obtained in this instance. 
TEM was employed to study the nanometer-sized precipitation in ferrite before and after holding at high temperatures of 600 • C and 650 • C. The observed results for the hot-rolled sample are presented in Figure 4 . Both random precipitates and interphase precipitates were obtained in ferrite after hot rolling and air cooling. It can be found that the row space of interphase precipitates was not uniform within the observed ferrite grain. As pointed out in Figure 4 , the row spacing increased from 24 nm to~34 nm along the white dash arrow direction. Then, the precipitates existed in random distribution. EDS analysis indicated that these precipitates were (Ti, V)C complex carbides. A ledge mechanism proposed by Honeycombe and Mehl [22] is well accepted for interphase precipitation. During transformation from austenite (γ) to ferrite (α), a terrace γ/α plane with relatively low energy and a step γ/α plane with relatively high energy co-exist. The high-energy step γ/α plane moves too quickly to precipitate carbides during transformation. Yet, the low-energy terrace γ/α plane is immovable, such that carbides precipitate in the plane. When the electron beam is parallel to the precipitated terrace plane, row-arranged interphase precipitates are observed. The row spacing is related to the height of the step. Bhadeshia [23] suggested that the step height was proportional to the interface energy of the terrace plane and was inversely proportional to the driving force for ferrite transformation. This means reducing the driving force will increase the step height. In this study, carbon was enriched in austenite during ferrite growth. Liu et al. [24] revealed that carbon enrichment in austenite decreased the transformation temperature due to the reduction of driving force for ferrite transformation. This may be the reason for the increase in row spacing in the present work. Moreover, Chen et al. [25] suggested that γ→α transformation becomes sluggish in the late ferrite transformation, the growth of carbides nucleated in the step plane was compatible with the movement of the transformation front. Therefore, randomly dispersed carbide precipitation can be obtained in this instance. 600 °C and 650 °C. The diameter of carbides in the hot-rolled sample was mainly in the range of 2-8 nm, and the average diameter was ~6.1 ± 2.7 nm. After holding at 600 °C for 3 h, more than 80% of carbides had a diameter of 4-10 nm, and the average diameter increased slightly to ~6.9 ± 2.3 nm. The diameter of carbides in the sample after holding at 650 °C for 3 h ranged from 4 to 15 nm with a peak at 8-10 nm. The average diameter was further increased to ~8.4 ± 2.6 nm. Dunlop and Honeycombe [26] studied the aging characteristics of (V, Ti)C dispersions in ferrite. Their results also indicated high resistance of (V, Ti)C precipitates to coarsening. The high stability of (V, Ti)C precipitates was suggested to be attributed to their high chemical bonding energy and low solubility in a ferritic matrix. Figure 5a ,b present bright-field TEM images of nanometer-sized precipitates for samples after holding at 600 • C and 650 • C for 3 h, respectively. From Figure 5 , interphase carbides were observed in both samples holding at 600 • C and 650 • C for 3 h, which is similar to those in the hot-rolled sample. In addition to interphase precipitated carbides, nanometer-sized carbides can be observed between interphase carbide rows, as pointed out by white arrows in Figure 5 . To investigate the thermal stability of precipitation, the size of carbides for samples before and after holding at high temperatures was estimated statistically from hundreds of particles. As a matter of convenience, bright-field TEM images with random and dispersed carbides obtained by tilting the samples were used for the statistical estimation. The obtained results are plotted in Figure 6 . It is clear that the complex (Ti, V)C precipitates have great resistance to growth when holding at high temperatures of 600 • C and 650 • C. The diameter of carbides in the hot-rolled sample was mainly in the range of 2-8 nm, and the average diameter was 6.1 ± 2.7 nm. After holding at 600 • C for 3 h, more than 80% of carbides had a diameter of 4-10 nm, and the average diameter increased slightly to~6.9 ± 2.3 nm. The diameter of carbides in the sample after holding at 650 • C for 3 h ranged from 4 to 15 nm with a peak at 8-10 nm. The average diameter was further increased to~8.4 ± 2.6 nm. Dunlop and Honeycombe [26] studied the aging characteristics of (V, Ti)C dispersions in ferrite. Their results also indicated high resistance of (V, Ti)C precipitates to coarsening. The high stability of (V, Ti)C precipitates was suggested to be attributed to their high chemical bonding energy and low solubility in a ferritic matrix. 
Strengthening Mechanism
Generally, the yield strength of metals at room temperature is attributed to intrinsic friction stress, solid solute strengthening, grain boundary strengthening, dislocation strengthening, and 
Generally, the yield strength of metals at room temperature is attributed to intrinsic friction stress, solid solute strengthening, grain boundary strengthening, dislocation strengthening, and precipitation hardening. For low carbon, low alloy ferritic steel, the strength contribution from precipitation hardening may be the greatest among all these strengthening mechanisms. The Ashby-Orowan model based on the mechanism of dislocations bypassing particles is normally accepted for evaluating precipitation strengthening provided by nanometer-sized hard (Ti, V)C carbides. Precipitation strengthening from MC-type carbides, according to the Ashby-Orowan model, is expressed by Equation (1) below [27, 28] .
where M and υ is the Taylor factor and Poisson's ratio, taken as 2.75 and 0.29 for body-centered cubic metal with a random texture, respectively [29, 30] . G is the shear modulus, b is the Burgers vector taken as 0.248 nm [31] , r MC is the average radius, and f is the volume fraction of MC-type carbides.
It can be seen that the average diameter and volume fraction of carbides play determining roles in the strengthening effect. In the present work, the equilibrium volume fractions of MC-type carbides at different temperatures were calculated using commercial Thermo-Calc software with the TC-FE7 database [32, 33] . The calculated results are plotted in Figure 7 . The volume fraction of MC-type carbides increases when the temperature decreases, and reaches a maximum value of~0.5% at 500 • C. At elevated temperatures, strength from precipitation strengthening is reduced due to the decrease in the shear modulus (G). The shear modulus (G) is related to Young's modulus (E) and Poisson's ratio (v) by the following equation [30] .
In the present work, the Young's modulus E of the studied steel at 600 • C and 650 • C was estimated by fitting the data of the elastic deformation stage from the stress-strain curves, as shown in Figure 8 . The obtained Young's modulus E at room temperature and elevated temperatures of 600 • C and 650 • C were~197 GPa,~92 GPa, and~69 GPa, respectively. Hence, the shear modulus (G) was 76 GPa,~36 GPa, and~27 GPa for the studied steel at room temperature, at 600 • C, and at 650 • C, respectively. Assuming that the volume fraction (f ) and the average diameter of MC-type carbides for the hot-rolled sample was respectively~0.5% and 6.1 nm, the contribution from precipitation strengthening was estimated to be~318 MPa to yield strength at room temperature, according to the Ashby-Orowan model. Given that the volume fraction of MC-type carbides was~0.47% and 0.43% from Figure 7 and the average diameter was 6.9 nm and 8.4 nm from Figure 6 , the strength contribution from precipitation strengthening can be calculated to be~133 MPa and~84 MPa at 600 • C and 650 • C, respectively. It can be seen that the large volume fraction of nanometer-sized carbide precipitation provided a significant contribution to yield strength at room temperature and at an elevated temperature. The dramatic decrease in yield strength at 650 • C was attributed to the great loss in shear modulus at a higher temperature. 
Conclusions
In this study, a multi-phase microstructure consisting of ferrite and a small fraction of bainite was obtained in a low-carbon low-alloy hot-rolled steel. Nanometer-sized precipitation and mechanical properties were investigated. The conclusions are summarized as follows.
(1) Nanometer-sized interphase precipitates were obtained in ferritic matrix. The interphase 
(1) Nanometer-sized interphase precipitates were obtained in ferritic matrix. The interphase precipitated carbides have been found to exhibit an average diameter of 6.1 ± 2.7 nm, with an average distance of~24-34 nm by TEM observation. EDX results indicated that the precipitates were (Ti, V)C complex carbides.
(2) The nanometer-sized precipitation exhibited high stability against tempering at high temperatures of 600 • C and 650 • C for 3 h. Average diameters of carbides were measured to be equal tõ 6.9 ± 2.3 nm and 8.4 ± 2.6 nm after annealing at high temperatures of 600 • C and 650 • C for 3 h, respectively. (3) Yield strength of 578 ± 20 MPa and tensile strength of 813 ± 25 MPa were achieved with high elongation of 25.0 ± 0.5% at room temperature. In addition, yield strength of 325 ± 13 MPa and 278 ± 4 MPa was achieved at elevated temperatures of 600 • C and 650 • C, respectively. Nanometer-sized precipitation contributed~318 MPa to yield strength at room temperature, and the yield strength contributions decreased to~133 MPa and~84 MPa at 600 • C and 650 • C, respectively. The significant decrease of yield strength at 650 • C was attributed to the large decrease in the shear modulus.
